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ABSTRACT 

We present the discovery of seven X-ray emitting groups of galaxies selected as ex- 
tended X-ray sources in the 200 ksec Chandra coverage of the All-wavelength Extended 
Groth Strip International Survey (AEGIS). In addition, we report on AGN activity 
associated to these systems. For the six extended sources which lie within the DEEP2 
Galaxy Redshift Survey coverage, we identify optical counterparts and determine ve- 
locity dispersions. In particular, we find three massive high-redshift groups at z > 0.7, 
one of which is at z = 1.13, the first X-ray detections of spectroscopically selected 
DEEP2 groups. We also present a first look at the the Lx — T, Lx — cr, and a — T 
scaling relations for high-redshift massive groups. We find that the properties of these 
X-ray selected systems agree well with the scaling relations of similar systems at low 
redshift, although there are X-ray undetected groups in the DEEP2 catalogue with 
similar velocity dispersions. The other three X-ray groups with identified redshifts 
are associated with lower mass groups at z ~ 0.07 and together form part of a large 
structure or "supergroup" in the southern portion of the AEGIS field. Similar to other 
X-ray-luminous groups, all of the low-redshift systems are centred on massive elliptical 
galaxies, and all of the high-redshift groups have likely central galaxies or galaxy pairs. 
Interestingly, the central galaxies in the highest redshift system show indications of 
ongoing star formation. All of the central group galaxies host X-ray point sources, 
radio sources, and/or show optical AGN emission. Particularly interesting examples 
of central AGN activity include a bent-double radio source plus X-ray point source 
at the center of a group at z = 0.74, extended radio and double X-ray point sources 
associated to the central galaxy in the lowest-redshift group at z = 0.066, and a bright 
green valley galaxy (part of a pair) in the z = 1.13 group which shows optical AGN 
emission lines. 
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1 INTRODUCTION 

Groups of galaxies represent a more common, more typ- 
ical environment than their well-studied cousins massive 
clusters. Most galaxies in the local universe lie in groups 
(e.g. Turner & Gott 1976) and groups lie at a transition 
between the densest environments in the universe, cluster 
cores, and the field, making them important environments 



in the study of galaxy evolution (e.g. Zabludoff & Mulchaey 
1998). Groups are also important environments for diagnos- 
ing the origin of the non-gravitational heating of the in- 
tracluster medium (ICM). From low-redshift studies, non- 
gravitational heating of the ICM appears to be proportion- 
ally more important in groups than in clusters, leading to a 
steepening of the Lx — T relation for group mass systems 
(e.g. Helsdon & Ponman 2000) and excess group entropy 
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compared to the self-similar expectations based on massive 
clusters (e.g. Ponman et al. 2003; Sun et al. 2009). In fact, 
the evolution of the group X-ray scaling relations with red- 
shift can help to constrain models of non-gravitational heat- 
ing (Balogh et al. 2006), distinguishing, for example, be- 
tween excess entropy that is constant with redshift (i.e. pre- 
heating) versus entropy that is tied to halo cooling time 
(i.e. increasing with time). 

Groups of galaxies, and in particular their evolution 
with redshift, have been relatively poorly studied compared 
to massive clusters. Their faint X-ray luminosities and low 
galaxy densities make groups difficult to detect outside of 
the local universe, and we have only recently begun to 
study the evolution of this important environment with red- 
shift (e.g. Mulchaey et al. 2006; Jeltema et al. 2006, 2007, 
2008a; Willis et al. 2005; Pacaud et al. 2007; Wilman et al. 
2005a,b; Gerke et al. 2007). For example, only a handful of 
groups/poor clusters at moderate redshifts (0.2 < z < 0.6) 
have both deep enough X-ray data and optical spectroscopy 
to be able to look at the relationships between group X-ray 
temperature, luminosity and group velocity dispersion (Jel- 
tema et al. 2006, 2007, 2008a; Mulchaey et al. 2006; Willis 
et al. 2005; Gastaldello et al. 2008). 

In this paper, we seek to extend studies of the X-ray 
emission from groups to higher redshifts using the deep 
Chandra data in the Extended Groth Strip (EGS). These 
data cover a ~ 0.67 deg 2 field with a nominal exposure 
time of 200 ksec. The area covered represents an increase 
by a factor of eight over a previ ous search for gr oups in 
a single EGS Chandra pointing (|Fang et al. 2007) which 
yielded no detections. The depth of the Chandra data al- 
lows us to both detect and to determine average temper- 
atures for groups at high redshifts (z > 0.5). Specifically, 
we conduct an X-ray search for groups through their ex- 
tended X-ray emission. In addition to the Chandra cover- 
age, the EGS field was one of four fields targeted by the 
DEEP2 spectroscopic survey (Davis et al. 2003), giving the 
added benefit of deep optical spectroscopic coverage. In par- 
ticular, the DEEP2 spectroscopy in the EGS is magnitude 
limited, but not colour-selected, giving a large galaxy sam- 
ple at all redshifts and allowing us to optically identify and 
determine velocity dispersions for X-ray-detected group can- 
didates (Davis et al. 2007). These data allow us to take a 
first look at the Lx — T, Lx — o", and a — T scaling re- 
lations for high-redshift groups and poor clusters, and in 
future work we will investigate the properties of galaxies 
in these systems. While previous X-ray surveys have found 
a few high-redshift grou ps, these currently lack this depth 
of op tical spectroscopy l|Finoguenov et a l. 2007; Baucr ~et al.l 
120021 ). 

Our data reduction, group selection and optical iden- 
tification procedures are presented in §2 and §3. In §4 we 
present our main results including the discovery of a "super- 
group" at z ~ 0.07 (§4.1), three high-redshift groups (§4.2) 
at z > 0.7, and several group AGN (§4.3). The high-redshift 
systems represent the first X- ray detections of DEEP2 spec- 
trosc opically selected groups (Gcr ke et al.| [2005; Fan g et al] 
120071 ). and we present a first look at the scaling relations 
of systems of this mass at high redshifts. Our results are 
summarised in §5, and in the appendix we discuss the one 
X-ray-selected group for which no optical identification was 
possible. Throughout the paper, we assume a cosmology of 



H = 70/i70 km s" 1 Mpc" 1 , Q m = 0.27, A = 0.73 and 

e z = (n m (i + zf + n A ) 1/2 . 



2 CHANDRA DATA AND REDUCTION 

The Extended Groth Strip was observed with a series of 
eight Chandra ACIS-I pointings, one in Cycle 3 (Nandra et 
al. 2005) and seven in Cycle 6 (Larid et al. 2009), as a part 
of the All-wavelength Extended Groth Strip International 
Survey (AEGIS). The number of observations per ACIS-I 
pointing varies between three and ten, but all fields have ap- 
proximately the same total depth of 200 ksec. Details about 
the survey and the AEGIS X-ray point source catalogue can 
be found in Laird et al. (2009). Here we present the first 
extended X-ray source list. 

To search for extended sources (see §3.1) we utilise 
the combined, soft band (0.5-2 keV) images presented in 
Laird et al. (2009), and we refer the reader to this work for 
a detailed discussion of the reduction procedure. In brief, 
these images were created starting from the level 1 event 
files; known aspect offsets were removed, bad pixels and 
afterglows were detected and removed, and the CTI and 
time dependent gain corrections were applied. The observa- 
tions taken in Cycle 6 (seven of the eight pointings) were 
taken in VFAINT mode, and for these observations the ad- 
ditional VFAINT mode background cleaning was applied. 
Background flare time periods were removed following the 
procedure described in Nandra et al. (2007) and excluding 
time periods where the background exceeded 1.4 times the 
quiescent rate. From these cleaned event files, images and 
exposure maps were created in several energy bands; here 
we focus on the soft band (0.5-2 keV) for group detection 
as this band maximises the signal-to-noise for soft, thermal 
sources like groups. Images and exposure maps of overlap- 
ping observations were aligned and merged using the cen- 
troids of bright sources in the field, creating one merged 
image per ACIS-I pointing. For group detection, we utilise 
these merged images and exposure maps. 

For each detected candidate group, we also extract spec- 
tra to determine the average source luminosity and tempera- 
ture (§3.3). In the spectroscopic analysis, we wish to consider 
each observation separately, allowing us to create observa- 
tion specific spectral response files (RMFs and ARFs). Here 
we followed a very similar data reduction path to create in- 
dividual observation level 2, flare filtered event files to the 
one outlined above. However, we employ a slightly more re- 
strictive flare filtering technique matching the prescriptions 
of Markevitch et al. (2003) . The filtering excluded time peri- 
ods when the count rate, excluding point sources and group 
emission, was not within 20% of the quiescent rate in the 
0.3-12 keV band. In practice, most of the observations have 
little contamination from background flares and the differ- 
ence in flare filtering is negligible. In total, the AEGIS Chan- 
dra data were divided in to 42 observations; for nearly all 
of these, the net flare filtered exposure times differ by less 
than a couple percent and only two observations have net 
exposure times differing by more than 20%. 

For each group candidate identified below, we extracted 
spectra, after the removal of point sources, within the radius 
where the total group flux was above the background. Point 
sources are detected using wavdetect with spatial scales of 
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1, 2, 4, 8, and 16 pixels. They were typically excluded using 
the output wavdetect 3cr ellipses, though for some sources 
embedded within the group emission or where two point 
sources had a very small separation the source regions were 
adjusted by hand. Background spectra were extracted from 
a large annular region surrounding the source region, ad- 
justing as necessary to avoid chip edges. We used the CIAO 
script specextract to create source and background spectra, 
RMF and ARF files for each observation of a given group 
candidate. As the total net group counts are typically quite 
low, we employ the fitting procedure for low count data 
described in Willis et al. (2005) and applied to the XMM 
Large-Scale Structure survey (XMM-LSS). Each spectrum 
is binned such that the associated background spectrum has 
at least five counts per bin. Spectra are fit within XSPEC 
(vl2.4.0ao) using the C-statistic, which is considerably more 
accurate than the \ 2 statistic for data with low counts per 
bin (Cash 1979). The C-statistic within XSPEC (cstat) is 
slightly modified to account for statistical fluctuations in 
the background, and the slight binning of the data and back- 
grounds employed here alleviates biases in the model param- 
eters that can occur whe n many of the spec tral bins contain 
zero background counts |Willis et al.ll2005h . 



3 GROUP SELECTION AND 

DETERMINATION OF GROUP 
PROPERTIES 

3.1 X-ray Selection 

To detect extended X-ray sources, we employ the Voronoi 
Tessellation and Percolation algorithm (VTP; Ebeling & 
Wiedenmann 1993) run on the soft band images and expo- 
sure maps. Specifically, we utilise the CIAO tool VTPDE- 
TECT with a false positive threshold of 1 x 10~ 5 and a min- 
imum of 20 source counts. To consider a source as extended, 
we required that the average of the VTPDETECT ellipse 
minor and major axes exceed three times the 95% encircled 
energy radius at the source off-axis distance and that the 
source have a signal-to-noise > 3 once nearby point sources 
were removed. Candidate extended sources were then exam- 
ined by eye to confirm their extended nature; in particular, 
closely spaced point sources can lead to false detections. We 
also examined by eye the full (0.5-7 keV) and hard (2-7 keV) 
band images to search for possible contamination from hard 
point sources that may be faint in the soft band images. A 
similar meth odology was used to find groups and clusters in 
the CDF-N (jBauer et al.l 2002) and previously i n the single 
Chan dra pointing in the ECS taken in Cycle 3 (|Fang et al.l 
12007ft . In total, our search for extended X-ray sources yielded 
seven candidate groups, listed in Table 1. 

We detect extended sources to an observed flux limit 
of about 2 x 10~ 15 ergs cm" 2 s _1 . All of the detected 
sources are found in regions of fairly high effective expo- 
sure (> 100 ksec), giving a survey area of ~ 0.53 deg (see 
Figure 2 in Laird et al. (2009)) and an extended source den- 
sity of 13.2 deg -2 . Given the small number statistics and 
differences in selection technique this density is consistent 
within the errors with previous surveys. For example, the 
Chandra Deep Fields North and South each detect one ex- 
tend ed source near ou r flux limit in a single ACIS-I point- 
ing l|Bauer et al.ll2002l ; Iciacconi et all lijOZ') , while the the 



XMM COSMOS survey l|Finoguenov et aT, and pro- 

jectio n of the ROSAT Deep Cluster Survey ( Rosati et al.l 
1998) to lower fluxes give somewhat higher densities of 20- 
35 deg -2 at our flux limit. 

3.2 Optical Identification 

To identify potential optical group counterparts for the ex- 
tended X-ray sources, we constructed a catalogue of galaxy 
groups in the ECS using the DEEP2 spectroscopic data in 
the AEGIS region. Unlike the other three DEEP2 fields 
where high-redshift (z > 0.7) galaxies were pre-selected 
based on colour for spectroscopic follow-up, in AEGIS, 
galaxies of all re dshifts were targeted for spectroscopy 
jDavis et all 120031 ) . allowing us to search for groups at 
2 < 1.5. We used the Voronoi-Delaunay method (VDM) 
group-finder described in Gerke et al. (2005) , with the same 
parametrization described in that paper. This group-finder 
identifies groups by searching for galaxy overdensities in 
redshift space; our initial group catalogue used only galax- 
ies with good (quality 3 or 4) DEEP2 redshifts. We then 
searched this catalogue for groups that fall near each X- 
ray source on the sky. By inspecting these groups' member 
galaxies in the imaging data, and comparing to the X-ray 
contours, we identified a best-match optical counterpart for 
each X-ray source. The group-finder parametrization is opti- 
mised for the galaxy sampling rate of the overall DEEP2 sur- 
vey, which is less dense than in EGS. The optical group cat- 
alogue may, therefore, contain false-positives or interloper 
contamination. However, here we are simply using this cat- 
alogue as a tool to match already identified X-ray groups, 
and as described in §3.3, we refine the selection of group 
member galaxies when determining the velocity dispersions. 

The best optical group matches to each extended X-ray 
source are shown in Figures 1 and 2 compared to the Chan- 
dra soft band X-ray contours. Here we show both the con- 
tours of the diffuse X-ray emission (in black) and X-ray point 
sources (in green). For the purposes of illustration, the dif- 
fuse contours were created by first filling point source regions 
(from wavdetect) using the CIAO tool dmfilth through Pois- 
son sampling with the distribution mean determined from a 
local background region. The filled image is then adaptively 
smoothed with the tool csmooth and exposure corrected. 
One of our X-ray candidates, Group 3, unfortunately falls 
outside of the DEEP2 spectroscopic coverage and no optical 
identification was possible. We discuss this group in more 
detail in the Appendix. 

Three of the extended X-ray sources are identified as 
low-redshift, low X-ray luminosity groups (z < 0.1; Figure 
1). In particular, the three low-redshift systems form part of 
a superstructure or "supergroup" at z ~ 0.07 in the southern 
half of the AEGIS field. The remaining three group candi- 
dates are likely high-redshift, X-ray bright groups (z > 0.7; 
Figure 2). These three systems represent the first X-ray con- 
firmation of spectroscopically selected, high-redshift DEEP2 
groups. In one case, Group 5, two DEEP2 groups are good 
matches to the X-ray source position, one at z — 0.737 (Fig- 
ure 2) and one at z — 0.201 (Figure 3). Here we consider 
the high-redshift system to be a better match both in terms 
of the location of the group members, including the likely 
central galaxy, and the average velocity dispersion and in- 
ferred X-ray luminosity. As shown in Figure 3, the galaxies 
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in the z = 0.201 group are offset with respect to the X-ray 
contours, and this group has a fairly low velocity dispersion 
of 232 km s _1 . However, the X-ray emission does show an 
extension in the direction of three members of the z = 0.201 
system, one bright spiral galaxy with two smaller compan- 
ions, indicating that the X-ray emission may be partially 
due to this foreground group. 



3.3 Determination of Group Properties 

For each identified group, we determine the average X-ray lu- 
minosity and temperature from the Chandra spectra. We fit 
the spectra from each observation of a given group candidate 
jointly to an absorbed thermal plasma mod el (mekal) with 
the a bsorption fixed at the Galactic value l|Kalberla et al.l 
120051 ). which ranges from 1.0 - 1.2 x 10 20 cm"' and the 
metallicity fixed at 0.3 solar (I Anders fc Grevesselll989T ). In 
most cases, the spectra are fit in the 0.5 — 5.0 keV band. In 
all but one case, we are able to constrain the X-ray temper- 
ature. Group 2 is unfortunately very faint. For this source, 
we restrict the spectrum to the 0.5-2 keV range to increase 
the signal-to-noise and quote the best-fitting luminosity for 
a fixed temperature of 1.5 keV; we include the uncertainty in 
the temperature in the luminosity errors by varying the tem- 
perature between 0.5 and 10 keV. The average temperatures 
and X-ray luminosities of each group within the spectral ex- 
traction radius (r spec ) are listed in Table 2. For Group 3, 
we do not know the group redshift, but the spectrum still 
allows us to estimate the temperature. For this group, we 
left the redshift as a free parameter in the spectral fit when 
determining the temperature and temperature errors. The 
best-fitting temperature is not highly redshift dependent. 
We confirmed that leaving the redshift free gave reasonable 
results by refitting with a fixed redshift which we varied be- 
tween 0.05 and 1.0; the best-fitting temperature was always 
within the errors quoted in Table 2. 

In order to compare to other group samples, we wish to 
compare the luminosities within a similar radius. Therefore, 
in the scaling relations presented in §4, we project the group 
luminosities to r 5 oo , the radius at which the group density is 
500 times the critical density. We estimate rsoo from the av- 
erage temperature using the relation rsoo = 0.391T ' 63 E~ x 
Mpc (Table 2; Willis et al. 2005; Finoguenov, Reiprich, 
& Bohringer 2001). We extrapolate the luminosities from 
the spectral extraction radius based on a /3-model surface 
brightness distribution with f3 = 2/3 and r c — 180 
kpc, typical values found for clusters and X-ray luminous 
intermediate-redshift groups (e.g. Jones & Forman 1999; 
Jeltema et al. 2006). The high-redshift AEGIS groups are 
detected to at least half of rsoo, and therefore, the extrapo- 
lation in luminosity is not large (see Table 2). However, the 
luminosities of the low-redshift groups change by factors of 
8 — 25 due to the small detection radii. Given the size of this 
correction, we choose to be conservative in our estimates of 
the luminosity errors. For all groups (low and high redshift), 
we include the effect of the uncertainty in rsoo due to the 
uncertainty in the group temperature in the projected lu- 
minosity errors. We also bound the error from the unknown 
/3-model parameters by using f3 — 0.5 and r c = 50 /lyg 1 
kpc, which may be more appropriate values for low tem- 
perature groups (|Mulchaev et all 120031 ; IWillis et all 120051 ; 



lOsmond fc Ponmanll2004r ); this effectively sets the lower lim- 
its on our projected luminosities. 

For each group, we also determine the velocity disper- 
sion of the member galaxies. In addition to the DEEP2 red- 
shifts, in this step, we included galaxies with good-quality 
redshifts from the Sloan Digital Sky Survey (Adelman- 
McCarthy et al. 2008), using data from the NYU Value- 
Added Galaxy catalogue (Blanton et al. 2005), and galaxies 
with redshifts that were obtained in follow-up observations 
of the DEEP2 sample with the Hectospec spectrograph on 
the MMT (Coil et al. 2009; Willmer et al., in preparation). 
With the addition of these galaxies and because the group- 
finder we used was calibrated for the regions of DEEP2 out- 
side of the EGS, we refined the membership of each opti- 
cal counterpart "by hand," by searching for galaxies within 
a redshift-space cylinder, oriented with its axis along the 
line of sight, with radius and length chosen to produce a 
well-formed group on the sky, with a reasonably Gaussian 
velocity distribution. 

There is inevitably some arbitrariness in the choice of 
this redshift-space cylinder, but we have checked explicitly 
that our results are not very sensitive to the details of the 
cylinder we choose in each case. In particular, systematic 
errors on the group velocity dispersions arising from the 
choice of cylinder are smaller than the statistical uncertain- 
ties due to discrete sampling of the velocity distribution. 
We computed these statistical uncertainties using the same 
procedure as in Fang et al. (2007). In brief, we use Monte- 
Carlo simulations to determine the probability distribution 
P(a m \a t , N) of measured velocity dispersions a m , given a 
true dispersion a t and a number of samples N. One can 
then use Bayes's theorem to derive the likelihood distribu- 
tion £(at\cr m , N) of at given an observed <j m and N, and 
our error bars on the group velocity dispersion reflect the 
68% confidence region of this distribution. The on-sky dis- 
tributions of galaxies in the optical-counterpart groups are 
shown in Figures 1 and 2, and the velocity dispersions and 
memberships of the groups are compiled in Table 1. 
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Figure 1. Low-redshift groups in AEGIS showing extended X-ray emission. From top to bottom these are: Group 4 at z = 0.066, Group 
2 at z = 0.075, and Group 1 at z = 0.074. The left panels show the Chandra 0.5-2 keV contours overlaid on the CFHT R-band images; 
images are 300 kpc on a side. Contours of diffuse X-ray emission, from an adaptively smoothed image with point sources removed, 
are shown in black, and X-ray point sources are shown in green. Galaxies identified as group members are marked with red circles. 
The right panel shows the spatial distribution of group member galaxies. The circle areas are proportional to the galaxy's K-corrected 
optical luminosity (go.i for SDSS galaxies and Johnson B otherwise) relative to L» at the group redshift, and they are colour coded by 
velocity relative to the central group velocity (determined individually for each group). Dashed circles show the group radii assumed in 
the calculation of the velocity dispersion. Other galaxies in the field (with DEEP2, MMT, or SDSS spectroscopy) within 1500 km s~ 1 of 
any of the groups are shown as grey triangles. The very small data points show all galaxies in the field with DEEP2 rcdshifts to indicate 
the extent of the DEEP2 spectroscopic coverage; redshifts outside this area are taken from SDSS or MMT. 



Figure 2. High-rcdshift groups in AEGIS showing extended X-ray emission. From top to bottom these are: Group 5 at z = 0.737, 
Group 6 at z = 0.766, and Group 7 at z = 1.132. Contours and plot points are the same as in Figure 1, but the X-ray/CFHT overlays 
are 1 h^ Mpc on a side and the galaxy distributions are shown for each group individually. Other galaxies in the field (with DEEP2, 
MMT, or SDSS spectroscopy) within 1500 km s _1 of each group are shown as grey triangles. 
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Figure 3. Extended X-ray source Group 5 compared to the z = 
0.201 group in the field. The X-ray emission shows an extension to 
the northeast in the direction of three members of the z = 0.201 
system, but the group as a whole is offset to the east of the X- 
ray emission. The image is 1 Mpc comoving on a side for 

z = 0.201. 

4 RESULTS 

4.1 Low-Redshift Groups 

The three extended X-ray sources associated with low- 
redshift groups are shown in Figure 1. These three systems 
lie in the southern portion of the AEGIS Chandra coverage, 
and they all appear to lie in a superstructure at z ~ 0.07. 
The galaxy distribution in this superstructure is shown in 
the right panel of Figure 1. Two of the groups lie close to- 
gether in both position and velocity space, while the north- 
ern most group lies in the foreground at z — 0.066. A couple 
of other associations of 3 — 4 group-scale systems, or super- 
groups, have been found previously (Gonzalez et al. 2005; 
Brough et al. 2006), and these systems may be the precursors 
of massive clusters formed through multiple mergers. How- 
ever, despite the obvious large-scale structure in the EGS 
seen in Figure 1, we find that even the closer two groups (1 
and 2) are unlikely to be bound given their projected dis- 
tance (~ Mpc) and relative velocity (~ 300 km s _1 ) 
(Beers, Geller, & Huchra 1982). 

Notable from Figure 1 (left) is the fact that all three 
groups have luminous elliptical galaxies at their X-ray 
centres, similar t o oth e r X-ray-bright, low-redshif t groups 
l|Mulchaev et all 120031 ; lOsmond fc Ponmanl |2004 ). These 
groups are fairly X-ray faint having measured bolometric 
X-ray luminosities of ~ 10 41 ergs s _1 and luminosities 
within rsoo of ~ 10 42 Ii^q ergs s _1 . The detected X-ray emis- 
sion in all cases appears to extend beyond the optical extent 
of the central galaxy, consistent with group-scale emission. 
For all three groups the detected emission extends beyond 



60 kpc, the criterion used to by Osmond & Ponman (2004) 
to separate galactic halos from group-scale halos, as shown 
by the surface brightness profiles in Figure 4. 

For the two low-redshift groups for which we can mea- 
sure temperatures, Group 1 and Group 4, we find kT = 0.63 
and 1.5, respectively. The third group, Group 2, is the lowest 
velocity dispersion system in our sample and was previously 
identified in the SDSS C4 DR3 cluster catalogue (Miller et 
al. 2005; von der Linden et al. 2007). 

In Figure 5, we plot the Lx — T, Lx — f, and a — T 
scaling relations for the low-redshift AEGIS groups (red 
squares) compared to the relations observed for other low- 
redsh ift groups and clusters with extended X-r ay emis- 
sion (|Osmond fc Ponmanl liooi lMarkevitchlll998l ). Within 
the uncertainties on the individual group properties and 
the scatter observed in these scaling relations, the AEGIS 
groups are consistent with other low-redshift groups. How- 
ever, Group 4 appears to have a temperature which is high 
compared to its X-ray luminosity. As discussed in §4.3, this 
group has a central AGN which could contribute to heating 
the gas. 

4-1.1 Central Galaxies 

As noted above, the X-ray emission for all three low-redshift 
groups is centred on a luminous elliptical galaxy, and despite 
the extended nature of the emission the observed X-ray lu- 
minosities are not significantly different from those found 
for isolated, massive elliptical galaxies. As an indication of 
how much of the detected X-ray emission might be due to 
the central group galaxy, in Figure 6, we compare the de- 
tected X-ray luminosities to those of nearby elliptical galax- 
ies. The X-ray luminosity of galaxies is known to correlate 
with optical/near-IR luminosity, although with large scatter, 
indicating a correlation between X-ray emission and galaxy 
stellar mass. Here we consider the correlation between Lx 
and Lk, because K band luminosity is more tightly cor- 
related with stellar mass than bluer bands. K s band lumi- 
nosities for the central galaxies are taken from 2MASS. To 
compare to galaxy samples from the literature, here we use 
the X-ray luminosity in the 0.5 — 2 keV band, and we do 
not assume that the X-ray emission extends beyond the de- 
tection radius (i.e. we use the luminosity measured within 
r spe c rather than projecting to rsoo). 

In Figure 6, we compare the Lk — Lx,o.5-2keV rela- 
tion for the AEGIS systems (red squares) to a sample of 
satellite early-type galaxies (central galaxies are excluded) 
in low-redshift clusters and groups (jjeltema et al.l [2008b; 
ISun et alJ l200l observed with Chandra and to a sample of 
field early- types o bserved with ROSAT fellis fc O'Sullivanl 
2006). As noted in iJeltema et al] (|2008bh . there appears to 
be an offset between satellite galaxies in groups and clusters 
and more isolated ellipticals in this relation with satellite 
galaxies having lower average X-ray luminosities for their 
K-band luminosities. This offset may indicate that some of 
the hot gas has been stripped from galaxies in groups and 
clusters, but higher resolution X-ray observations of a field 
sample are needed to check this result. We might expect 
central galaxies to have similar or brighter X-ray emission 
to field galaxies. We find, however, that the AEGIS sys- 
tems span the full range of Lk — Lx,o.5-2keV shown by 
field, group, and cluster galaxies. Two of the three low- 
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Table 1. Group Candidates and Optical Identifications 



Source 


RA 


Dec 


z 


a v (km s 1 ) 


ly gals 


Notes 


1 
2 
3 
4 
5 
6 
7 


14:15:03.16 
14:15:20.14 
14:16:16.63 
14:17:49.60 
14:20:33.66 
14:22:39.23 
14:23:41.67 


+52:04:40.2 
+52:20:48.3 
+52:06:01.9 
+52:41:44.0 
+53:08:25.5 
+53:21:35.1 
+53:28:28.9 


0.074 
0.075 

0.066 
0.737 
0.766 
1.129 


454111 
2881™ 

404+i° 7 

464+g 8 

3S7+% 

702+ 291 
' U -150 


34 
23 

18 
17 

20 

8 


previously identified in SDSS 
insufficient spectroscopy 

possibly z = 0.201 



Columns 2 and 3 list the position of the X-ray centre for each group candidate. Column 4 lists the 
central redshift of the best-matched optically selected group from the DEEP2 catalogue. The average 
group velocity dispersion and number of group member galaxies from the combined DEEP2, MMT, and 
SDSS spectroscopy are listed in columns 5 and 6, respectively. 



Table 2. X-ray Properties 



Group 


Name 


T spec 

kpc 


Spectral 
Counts 


kT 

keV 


L>X, 0.5-2 

10 42 h^ ergs s" 1 


Lx,bol 
10 42 h~g ergs s" 1 


^500 
h^Q 1 kpc 


Extrap. 
Factor 


1 

2 
3 
1 
5 
6 
7 


CXOU J141503. 1+520440 
CXOU J141520. 1+522048 
CXOU J141616.6+520601 
CXOU J141749.6+524144 
CXOU J142033. 6+530825 
CXOU J142239. 2+532135 
CXOU J142341.6+532828 


62 
42t 
(25") 

62 
364 
259 
247 


216 
37 
224 
156 
260 
71 
67 


°- 63 -o.n 
1.5 

2 89+ 1 04 

i - OU -0.25 

2 34+ 1 10 
^ -0.57 

2.00l^° 
3.58+t^ 

— 1.53 


U - U,OD -0.0119 

n n492+ 0365 

0471+ ' 0091 
u,u,a -0 .0090 

14 9 +26 

7 s7 +2.79 
'• 8 '-2.68 
14 4+6-6 


126+ 023 
u - lzD -0 .020 

107+ 0170 

ulu '-0.037 

103+ 020 
37.3l|« 
19.0±|* 
47.41-- 


283 
489 

491 
456 
406 
477 


8.4 
24.9 

11.9 
1.1 
1.4 
1.6 



Columns 3 and 4 list the X-ray spectral extraction radius and the net spectral counts for each group. Columns 5-7 list the average group 
temperature and luminosity (soft band and bolometric) within r apec . Column 8 lists rsoo calculated as described in §3.3, and the final 
column lists the multiplicative factor applied to extrapolate the measured luminosities to rsoo . Values in italics indicate that the temperature 
was fixed at 1.5 keV. t For Group 2 the spectral extraction radius was reduced with respect the the total group extent to avoid a chip edge 
present in some of the observations. 



redshift AEGIS groups have X-ray luminosities which are 
completely consistent with the K-band luminosities of their 
central galaxy without the need for group X-ray emission. 
One group, Group 1, with the faintest central galaxy may 
have excess X-ray emission but is also consistent within the 
observed scatter with the Lk — Lx,o.5-2keV relation of field 
galaxies. For this group in particular, we see from Figure 1 
that the detected X-ray emission extends beyond the cen- 
tral galaxy and includes other group members. However, it 
is clear that the detected X-ray emission for all of the low- 
redshift AEGIS groups likely has a significant contribution 
from, or is dominated by, the central galaxy. 



4.2 High-Redshift Groups 

The three high-redshift groups with extended X-ray emis- 
sion are shown in Figure 2. These groups are all at redshifts 
above z — 0.7. They represent the first X-ray confirmation 
of spectroscopically selected DEEP2 groups and have veloc- 
ity dispersions at the high end of those foun d for groups 
in the DEEP2 survey ijGerke et al.ll2005l . 12007m . A previous 
search for X-ray emission from DEEP2 groups based the 
single Chandra pointing in the AEGIS region taken in A03 
yielded no detections and concluded that the DEEP2 groups 
appear to be underluminous in X-rays compa red to low- 
redshift groups with similar velocity dispersions (jFang et al.l 



l2007fl . However, this one pointing contained relatively few 
groups (7), all of which had only 3-6 member galaxies mak- 
ing their velocity dispersions uncertain. In fact, we do not 
detect any groups in this pointing. The high-redshift sys- 
tems detected here have bolometric X-ray luminosities of a 
few times 10 43 /iy 2 ergs s _1 and temperatures of 2 — 3.6 keV, 
placing them in the massive group to poor cluster regime of 
galaxy associations. In particular, the highest redshift sys- 
tem in our sample has a velocity dispersion of ~ 700 km s _1 
and kT ~ 3.6 keV; at a redshift of z = 1.13, it is one of only 
a few such low-mass systems at z > 1.0 ob served in X-rays 
l|Finoguenov et "ah |S007|; iBauer et al.l l2002h. 

Figure 7 shows the Lx — T, Lx — <?, and a — T scal- 
ing relations for the high-redshift AEGIS groups. As in Fig- 
ure 5, we compare the AEGIS systems to the scaling rela- 
tions observed for low-redshift groups and clusters. Here we 
also show the relations for X-ray luminous, intermediate- 
redshift groups/poor clusters at 0.2 < z < 0.6 derived pri- 
marily from two samples: dedicated optical and X-ray follow- 
up of groups discovered in the ROSAT Deep Cluster Sur- 
vey (RDCS; Jeltema et al. 2008a, 2007,2006; Mulchaey et 
al. 2006) and the XMM-LSS (Pacaud et al. 2007; Willis et al. 
2005). The best-fitting scaling re lations for the i nterme diate- 
redshift systems are taken from iJeltema et ail i|2008al ). The 
intermediate-redshift group sample shows a similar range 
in X-ray luminosity and temperature to the higher-redshift 
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Figure 4. Surface brightness profiles of the low-redshift AEGIS 
groups, Group 1 (top), Group 2 (middle), and Group 4 (bottom). 
The data are compared to a beta-model with /3 = 0.5 and r c = 50 
kpc convolved with the PSF at the group location. At a 
redshift of z = 0.07, 10 pixels is 6.6 hz} kpc. 



T x (keV) 

Figure 5. From top to bottom: Lx — T, Lx — c, and cr — T 
scaling relations for low-redshift groups in AEGIS (red squares) 
compared to X-ray luminous, low-redshift groups from the GEMS 
sample (open stars; Osmond & Ponman 2004). Fits show the 
best-fitting relations for the GEMS groups (dashed line; Hels- 
don & Ponman, in preparation) and low-redshift clusters (dotted 
line; Markevitch 1998). Luminosities for all systems are bolomet- 
ric (0.01-100 keV) and calculated within v^qq. 



AEGIS groups. An _BJ = H(z)/Ho correction is applied to 
the Lx — T and Lx — a relations to account for the expected 
self-similar evolution with redshift of the scaling relations as 
calculated within a spherical overdensity radius (e.g. Bryan 
& Norman 1998). 

The high-redshift AEGIS groups agree quite well with 
the scaling relations found for lower-redshift systems, with 
no indications of significant evolution. They are particularly 
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Figure 6. Comparison of the X-ray luminosities of the low- 
redshift AEGIS groups to local elliptical galaxies. Specifically, the 
Lk—Lx o.5-2keV relation for the AEGIS systems (red squares) is 
compared to non-central early-type galaxies in groups and clus- 
ters (diamonds; Jeltema et al. 2008b, Sun et al. 2007) and to 
early-type galaxies in the field (stars; Ellis & O'Sullivan 2006). 
The best-fitting relations are shown for the group and cluster 
galaxies (solid line) and the field galaxies (dashed line). Here the 
X-ray luminosities are in the 0.5-2 keV band and are not extrap- 
olated. 

well-matched to the intermediate-redshift groups, showing a 
similar flatter relationship in Lx —<? and steeper relationship 
in ct — T compared to local groups and clusters. From these 
three X-ray selected systems, there is no indication that 
DEEP2 groups are underluminous in X-rays for their veloc- 
ity dispersions; however, there are other DEEP2 groups with 
similar velocity dispersions and redshifts within the Chandra 
coverage that are not found by our X-ray selection. The X- 
ray detected group at z = 1.13 is a more massive system, but 
taking the two X-ray groups at z ~ 0.75 with a — 350 — 500 
km s _1 as a model, there are five groups not detected in X- 
rays with a > 350 km s _1 , z < 0.8, and at least five member 
galaxies in the DE EP2 catalogue within the AEGIS region 
l)Gerke et al.ll2005l ) . Here we limit the sample to groups with 
at least five members to reduce the uncertainty in the ve- 
locity dispersions. For five members and a = 350 km s _1 , 
the la error range is 249 — 581 km s -1 . The X-ray prop- 
erties of optical spectroscopically selected groups, including 
upper limits and average luminosities through stacking, will 
be considered in detail in a future paper after the completion 
of a new AEGIS group catalogue taking advantage of newer 
spectroscopy and optimised for the AEGIS spectroscopic se- 
lection (Gerke et al. 2009, in preparation). As mentioned in 
§3.2, the DEEP2 group selection in the AEGIS region may 
have a higher false positive rate due to the denser galaxy 
sampling compared to the rest of the DEEP2 survey. In ad- 
dition, deeper X-ray data with a total exposure time of 800 
ksecs is currently being taken for ~ 40% of the field and will 
be used in future studies. 

4-2.1 Central Galaxies 

As stated above, at low redshifts X-ray luminous groups are 
typically found to have bright elliptical galaxies near the X- 
ray peak. The same is true of the low-redshift AEGIS groups 
presented here. At intermediate-redshifts (0.2 < z < 0.6), 




40 t , , , , . ..!/■' , , , , , , , 

10 100 1000 

velocity dispersion (km s" ) 
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Figure 7. From top to bottom: Lx — T, Lx — o", and cr — T 
scaling relations for high-redshift groups in AEGIS (z > 0.7; 
red squares) compared to X-ray luminous intermediate-redshift 
groups (0.2 < z < 0.6) from the RDCS and XMM-LSS samples 
(blue circles; Jeltema et al. 2008a, 2007; Pacaud et al. 2007; Willis 
et al. 2005) and low-redshift groups from the GEMS sample (open 
stars; Osmond & Ponman 2004). Fits show the best-fitting rela- 
tions for the intermediate-redshift groups (blue solid line), the 
low-redshift GEMS groups (dashed line; Helsdon & Ponman, in 
preparation) and low-redshift clusters (dotted line; Markevitch 
1998). Luminosities for all systems are bolometric (0.01-100 keV) 
and calculated within rsoo- 
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follow-up of X-ray-selected groups from the RDCS, found 
a range of central galaxy properties for systems of sim- 
ilar X-ray luminosity to th e high-redshift AEGIS groups 
I Jeltema et al.l l2008al . 120071 ; iMulchaev et all 120061 ). More 
specifically, only a couple of the RDCS groups have sin- 
gle, dominant central galaxies. In some groups the central 
galaxy has multiple luminous nuclei, while other groups have 
no clear brightest cluster galaxy (BCG), containing instead 
groups of bright galaxies and/or a brightest galaxy that is 
significantly offset from the X-ray centre. 

Unfortunately, the peak of the X-ray emission is not 
well-determined for the faint, high-redshift AEGIS groups, 
but here we consider whether there are group members 
which might be central galaxies. In Figure 8, we show optical 
images of the group galaxies within 100 h^ kpc of the X- 
ray centre as determined by VTPDETECT. All three high- 
redshift groups contain potential central galaxies (i.e. con- 
sistent with the X-ray peak). For Group 5, in particular, 
ACS imaging is available and shows a bright elliptical group 
member near the X-ray centre whose colours place it on the 
red sequence. The lack of ACS imaging for the other two 
groups makes the assessment of galaxy morphology more 
challenging. Group 6 also appears to have a bright, red se- 
quence, likely early-type galaxy near the X-ray centre; this 
galaxy has a smaller companion nearby in both position and 
velocity space. The highest-redshift system, Group 7, con- 
tains a group of similar magnitude galaxies near the centre. 
Closest to the centre of this group is a galaxy pair. Both 
galaxies in the pair fall at the bright end of the green valley 
in colour-magnitude space, unlike the other central galaxies, 
and at least one appears asymmetric/disky at the resolution 
of the CFHT image. We may, therefore, be observing an ear- 
lier stage of BCG evolution in the highest redshift group. 

Figure 9 shows the position of the likely central group 
galaxies on the colour-magnitude diagram (left) as well as 
their spectra (right). While the centrals of Groups 5 and 
6 show strong stellar absorption features, typical of passive 
galaxies, both galaxies in the central pair of Group 7 show 
strong [Oil] emission, indicative of ongoing star-formation 
or AGN activity. In particular, the spectrum of galaxy 7b 
also shows weak [Nelll] and [NeV] emission indicating the 
presence of an AGN in this green valley central galaxy. 

The right panel of Figure 2 shows that for all three 
groups, the galaxies near the X-ray peak also lie near the 
centre of the group velocity distribution, as one would ex- 
pect. In summary, all of the X-ray detected AEGIS groups 
have likely central galaxies or galaxy associations. In two 
groups, the central galaxy may have one or more compan- 
ions. In the highest redshift group at z = 1.13, the central 
galaxy pair appears to have younger stellar populations than 
are typically seen for centrals in X-ray luminous groups at 
lower redshifts, and one member of this pair hosts an AGN 
seen through its optical emission lines. 




Figure 8. Optical images of the central regions of the high- 
redshift AEGIS groups, from top to bottom: Group 5, Group 6, 
and Group 7. For Group 5, the HST-ACS i-band image is shown, 
while for the other groups we show CFHT R-band images. Images 
are 200 h~j kpc on a side and centred on the approximate X-ray 
centre. Group member galaxies are marked with black circles. All 
of the groups have plausible central galaxies or galaxy pairs. 
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Figure 9. Properties of the central galaxies in our high-redshift groups. We show properties for the bright central galaxies of Groups 5 
and 6 and the two candidate centrals in Group 7, which we label 7a and 7b. Left: position of the central galaxies in colour-magnitude 
space compared to AEGIS galaxies in the redshift range 0.73 < z < 1.13. Groups 5 and 6 lie on the bright end of the red sequence, 
suggesting that these are red-and-dcad objects, as typical of local groups. The central pair of Group 7, by contrast, lies at the bright end of 
the "green valley" between the red and blue populations, suggesting that these galaxies may not have fully ceased star- formation. Right: 
optical spectra for each of the central galaxies. Centrals 6 and 7b were observed with the DEIMOS spectrograph on the Keck II telescope, 
as part of the DEEP2 Galaxy Redshift Survey; centrals 5 and 7a were observed with the MMT. Each spectrum has been shifted to its 
rest frame, and prominent spectral features are labelled. While the centrals of Groups 5 and 6 show strong stellar absorption features, 
typical of passive galaxies, both galaxies in the central pair of Group 7 show strong [Oil] emission, indicative of ongoing star-formation 
or AGN activity. The presence of both [Nelll] and [NeV] emission in the spectrum of 7b indicate that this galaxy does in fact host an 
AGN. 
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4.3 Group AGN 

As is evident from Figures 1 and 2, in addition to diffuse X- 
ray emission, we detect X-ray point sources associated with 
several group member galaxies. In particular, for all three 
low-redshift groups we detect point sources associated with 
the central elliptical galaxy. These central X-ray sources 
have relatively low luminosities of < 10 42 /if 2 ergs s _1 . The 
central location of these sources within their respective el- 
liptical galaxies and their relatively high X-ray luminosities 
compared to low mass X-ray binaries (LMXBs), however, 
make them likely low- luminosity AGN. The central galaxy in 
Group 4 shows a pair of X-ray point sources with broad band 
(0.5-10 keV) luminosities of 2.8 x 10 41 and 5.4 x 10 40 /if 2 
ergs s , with the latter slightly offset from the centre of the 
galaxy. In addition, the 1.4 GHz VLA data shows extended, 
bright radio emission associated to the central galaxy, so this 
group almost certainly hosts a central AGN or dual AGN, 
given the pair of X-ray point sources. Figure 10 shows the 
central galaxy overlaid with contours of radio (red), diffuse 
X-ray (black), and X-ray point source (green) emission. The 
radio emission is extended but not aligned with the optical 
axis, and a large, faint, asymmetric radio structure appears 
to the southeast along the jet axis. From the AEGIS20 ra- 
dio catalogue, the c entral radio emissi on has a luminosity of 

1.4 x 10 23 W Hz -1 l|lvison et alj|2007h . The MMT spectrum 
of this galaxy does not show significant [OIII] emission, but 
does show weak Ha emission offset by ~ 870 km s _1 from 
the galaxy. Interestingly, this group has a relatively high 
X-ray temperature compared to the Lx — T relation. 

The central source in Group 2 has a luminosity of 2.1 x 
10 41 /iy 2 ergs s , while the central source in Group 1 has 
a somewhat lower luminosity of 2.3 x 10 40 /iy 2 ergs s _1 . 
Unfortunately, radio data are not available for Groups 1 and 
2. Spitzer data for the BCG in Group 1 show a potential, 
though not conclusive, excess at 8 /im and 24 /im. In addition 
to the central sources in the low-redshift groups, we detect 
three X-ray point sources with lower luminosities of 1 — 3 x 
10 40 ergs s _1 associated with spiral galaxies showing 
spectral signatures of ongoing star formation. 

In the high-redshift groups, we detect two X-ray point 
sources associated with group member galaxies in the z ~ 
0.75 groups and one additional X-ray source within the red- 
shift range of Group 5 but outside the group radius. The two 
group sources have broad band X-ray luminosities greater 
than 10 43 /iy 2 ergs s _1 and the neighbouring source has 
Lx = 4.5 x 10 42 h^Q ergs s -1 , making them difficult to 
explain as anything other than AGN. Overall, we find an X- 
ray AGN fraction in z ~ 0.75 groups of 7.4^4'!% for galaxies 
brighter than Mr = -20 with L x > 10 43 ftf 2 ergs s _1 (2 
out of 27), consistent within the sizeable errors with the 
cluster fractions of 2.0% (Mr < -20 and L x > 10 42 ergs 
s" 1 ) found atz~ 0.6 by Eastman et al. (2007) and 2.7% 
(Mr < -20 and L x > 10 43 ergs s" 1 ) found by Kocevski et 
al. (2008) at z ~ 0.9. Our AGN fraction is marginally higher 
than the cluster fraction of 1.2% at low redshift (Sivakoff 
et al. 2008). A previous study in the AEGIS field of X- 
ray AGN associated with high-redshift, optically selected 
DEEP2 groups found an excess of AGN in groups, but once 
the host galaxy properties were accounted for, the X-ray 
AGN fraction in groups was consistent with the field (Geor- 
gakakis et al. 2008). 




Figure 10. Top: CFHT R-band image of the central galaxy in 
Group 4 overlaid in red with contours of 1.4 GHz radio emission 
from the VLA. The image is 150 kpc on a side. As in Figure 
1, contours of diffuse X-ray emission are shown in black, and X- 
ray point sources are shown in green. All contours are linearly 
spaced. Bottom: Same for the high-redshift group Group 5. Here 
the HST-ACS i-band image is shown and the scale is 400 kpc 
on a side. 



One of the high-redshift X-ray point sources is asso- 
ciated with the likely central elliptical galaxy in Group 5. 
This galaxy also hosts a bright, bent double radio source 
with LiagBz = 5.1 x 10 25 W Hz" 1 shown in Figure 10. The 
bent nature of this source may indicate that it is moving 
with respect to the ICM (e.g. Owen & Rudnick 1976); how- 
ever its line-of-sight velocity relative to the group is small. 
Alternatively, it has been suggested that bent radio sources 
may indicate a recent group/cluster merger (e.g. Burns et 
al. 2002). In fact, the galaxy distribution surrounding Group 
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5 shows that it may be part of a larger-scale/filamentary 
structure, and there is a potential second peak in the veloc- 
ity distribution at slightly higher redshift, supporting the 
possibility of a merger. Fainter radio sources (L\aghz be- 
tween 1.5 x 10 23 W Hz" 1 and 1.5 x 10 24 W Hz" 1 ) are also 
found in the other two high-redshift groups associated to 
the central galaxy in Group 6, the X-ray AGN in Group 6, 
and both the central pair and the galaxy south of this pair 
in Group 7. As noted above, one the the central galaxies in 
Group 7, 7b, also shows optical emission lines indicating an 
AGN. 

In summary, all of the central group galaxies, and sev- 
eral other groups members, show signs of activity in X-ray, 
radio, and/or optical emission. In particular, the central 
galaxies in Groups 4 and 5 host both X-ray and radio jet 
sources. 



5 SUMMARY 

We have conducted an X-ray search for groups of galaxies in 
the Extended Groth Strip utilising the Chandra coverage of 
- 0.67 deg 2 , part of the AEGIS survey. Groups of galaxies 
are selected based on the presence of extended X-ray emis- 
sion and then matched against optically selected groups from 
the DEEP2 spectroscopy in the field. In total, we find seven 
extended X-ray sources, and we identify optical counterparts 
for six. Three of these groups lie at z > 0.7 and represent the 
first X-ray detections of high-redshift DEEP2 groups. The 
other three groups are low-luminosity, low-redshift groups 
which form part of a larger structure or "supergroup" at 
z ~ 0.07 in the southern portion of the AEGIS field. The 
seventh group candidate unfortunately lies outside of the 
current spectroscopy, but as discussed in the appendix, it is 
also a high-redshift group candidate. Our main results are 
summarised below. 

Low-redshift groups: The three low-redshift extended X- 
ray sources are all centred on luminous elliptical galaxies in 
groups at z ~ 0.07, one of which was previously identified 
in the SDSS C4 Cluster catalogue. Together the DEEP2, 
MMT, and SDSS spectroscopy reveal a large-scale structure 
in the southern portion of the AEGIS field dominated by 
these three groups. The groups are relatively low-mass sys- 
tems with kT = 0.6 - 1.5 keV and a = 280 - 450 km s" 1 . 
When projected to rsoo , their X-ray luminosities are consis- 
tent with the total group velocity dispersion; however, their 
detected X-ray luminosities are similar to those found for 
individual massive elliptical galaxies. 

High-redshift groups: For the high-redshift systems, we 
find X-ray temperatures in the range of 2 — 3.6 keV and bolo- 
metric X-ray luminosities of a few times 10 43 /iy 2 ergs s , 
placing them in the massive group to poor cluster regime of 
galaxy associations. The hottest system with kT = 3.6l 4 'g 
keV lies at a redshift of 1.13, making it one of only a few sys- 
tems of its mass known at z > 1. The extensive DEEP2 spec- 
troscopy supplemented by additional redshifts from MMT 
allow us to identify 8 — 20 members for each group and to 
determine group velocity dispersions. These data allow us 
the first look at the Lx — T, Lx — cr, and a — T scaling 
relations for systems in this mass range at high redshifts. 
Wc find no evidence for evolution in these scaling relations 
when comparing the X-ray-selected DEEP2 groups to X- 



ray luminous groups at lower redshifts. However, there are 
X-ray undetected DEEP2 groups in the field with similar ve- 
locity dispersions, which will be studied in detail in a future 
paper. Similar to X-ray luminous, low-redshift groups, all of 
the detected systems have potential central galaxies, though 
two of the central galaxies appear to have close companions. 
The likely central galaxies in the two groups at z ~ 0.75 
are bright, red galaxies with strong stellar absorption fea- 
tures typical of passive BCGs. The central galaxy pair in 
the highest redshift system at z = 1.13, however, both show 
[Oil] emission and lie at the bright end of the green valley 
in colour-magnitude space. Here we may be witnessing an 
early stage of BCG formation. 

Group AGN: We find X-ray point sources associated to 
all of the central galaxies in the low-redshift groups and one 
of the centrals in the high-redshift groups. We also detect 
radio sources near the centres of all of the groups with radio 
observations (all three high-redshift and one low-redshift 
group). Particularly convincing and intriguing examples of 
central AGN activity include the bright bent-double radio 
source and X-ray point source at the center of Group 5 at 
z — 0.74, the extended radio and double X-ray point sources 
associated to the central galaxy in the lowest- redshift group, 
Group 4, and the bright green valley pair of galaxies in 
Group 7 at z — 1.13, one of which shows optical AGN 
emission lines. Considering all group galaxies, we find an 
X-ray-selected AGN fraction in z ~ 0.75 groups of 7.4jl|"|% 
for galaxies brighter than Mr = —20 with Lx > 10 43 hjQ 
ergs s -1 , consistent with previous studies of high -redshift 
clusters ijEastman et al.ll2007l : iKocevski et al.ll2008l ). 
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APPENDIX A: CXOU J141616. 6+520601 

As discussed in Section 2.2, one of our extended X-ray group 
candidates, Group 3, could not be identified optically, be- 
cause it falls outside the DEEP2 spectroscopic region. A 
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NED search also reveals no known galaxy redshifts within a 
couple of arcminutes of the group, though interestingly there 
is a radio source about 0.3' from the X-ray centre. Here we 
consider this extended X-ray source in more detail. The top 
panel of Figure Al shows the Chandra 0.5-2 keV contours 
overlaid on the CFHT R-band image. There are two galaxies 
lying very close to the peak of the X-ray emission. Using the 
CFHT BRI photometry, we estimate photometric redshifts 
for these galaxies and find z — 0.05 (z < 0.2) for the brighter 
galaxy and z = 0.9 ± 0.1 for the fainter galaxy. 

As mentioned in §3.3, we are able to estimate a tem- 
perature for this group of 2.9_tg \ keV by leaving the red- 
shift as a free parameter. This temperature implies a mas- 
sive group/poor cluster size system. In fact, this system is 
one of the hottest and highest flux sources in our sample. In 
principle, requiring that the group lie on the Lx — T relation 
can constrain its redshift, and we illustrate this comparison 
in the bottom panel of Figure Al. Here we refit the spec- 
trum and determine the temperature and luminosity for four 
assumed, fixed redshifts, z = 0.05, 0.25, 0.5, and 1.0. The lu- 
minosities are projected to rsoo for the assumed redshift as 
described in §3.3. From Figure Al, the Lx — T relation for 
this group favours a moderate to high redshift, with z = 0.5 
and z = 1.0 best matching the relation. However, within the 
temperature errors and the scatter in the Lx — T relation a 
wide range of redshifts are possible. 
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